port (1928) reported 92 cases of proved cardiac rupture in which the right auricle was affected in 3 per cent and the left in 1 per cent. Krumbhaar and Crowell (1925) studied 22 cases of rupture of the heart and reviewed 632 reported cases. The right auricle was involved in 5 per cent and the left in 2 per cent, and infarction was mentioned as a frequent cause. Infarction of the auricular musculature was seen three times in von Glahn's (1936) pathological material.
Recently Langendorf (1939) studied a case of auricular infarction, which was verified by autopsy, and reported deviations from the isoelectric line of the P-Q segment in the second and third leads of the electrocardiogram. In experimental injury of the atria, changes have been described in the P wave and in the P-Q level by Hahn and Langendorf (1939) . Abramson, Fenichel, and Strookhoff (1938) reported elevation of the P-Q interval (lead I) in dogs, following necrosis of the left atrium experimentally produced, and depression of the interval after necrosis developed in the right atrium. They suggested that the deviation of the P-Q interval in man is due to necrosis of the auricle and is analogous to the deviation of the S-T interval which occurs in ventricular ischaemia. In experiments in which the atrial arteries of rabbits were clamped, Lambert (1937) found changes in the auricular complex of the electrocardiogram. The most interesting phenomena were the depression of the P-Q segment, which he termed " cupule," and occasionally a diphasic or inverted P wave. Conderelli (1929) , on the other hand, was unable to produce electrocardiographic changes after temporary occlusion of the right atrial vessels. Sanders (1939) injected 95 per cent alcohol into the atria of dogs and found that nodal rhythm, wandering pacemaker, auricular extrasystoles, and paroxysmal auricular tachycardia developed when the necrosis involved the sinus node. Elevation of the auricular S-T segment in lead I with an upward bowing and an auricular Q wave frequently followed injection of the left auricle. Necrosis of the right auricle caused similar auricular S-T changes in leads II and III. Changes in the P wave consisted of broadening and inversion, diminution or increase in amplitude, and slurring and notching. Sometimes a Q or S wave was seen, or M or W complexes.
The present study was undertaken to determine: (1) the clinical and electrocardiographic criteria that are diagnostic of auricular (atrial) infarction; (2) the incidence of auricular involvement in autopsied cases of myocardial infarction; and (3) the electrocardiographic changes in experimental auricular (atrial) infarction.
CLINICAL OBSERVATIONS IN HUMAN AURICULAR INFARCTION
Thirty-one cases of auricular (atrial) infarction were found in 182 cases of myocardial infarction (17 per cent), culled from 2704 consecutive autopsies. Electrocardiograms were taken in 23 cases and the findings are given in Table I . Abnormal auricular mechanism was present in 17 of the 23 cases (74 per cent). On the other hand, in 91 verified cases of ventricular infarction without demonstrable auricular infarction, in which electrocardiograms had been taken, group.bmj.com on June 20, 2017 -Published by http://heart.bmj.com/ Downloaded from there was evidence of disturbed auricular rhythm in only 8 cases (8 per cent). In the patients with infarcts of the auricles, auricular fibrillation was observed in 9 cases, auricular premature beats in 4, auricular flutter in 2, and sinus arrest and wandering pacemaker in 1 case each. The depression of the P-Q level (Fig. 1) described by Lambert and Langendorf occurred in 5 instances (22 per cent), but the value of this sign is doubtful because of its occurrence in normal people (Shipley and Hallaran, 1936) . In the two cases with infarction of the sinus node, sinus arrest was present in one and auricular fibrillation in the other.
PATHOLOGICAL OBSERVATIONS IN HUMAN ATRIAL INFARCTION A summary of the pathological observations in the cases of atrial * infarction is given in Table I . Before discussing these findings, it should be emphasized that many cases will be overlooked at autopsy, unless the existence of the lesion is kept constantly in mind. The gross recognition of atrial infarcts may be difficult and in questionable cases many blocks must be taken for microscopic examination. In this study, routine blocks were taken from the region of the sinus node, from both auricles, and from the lateral wall. Whenever mural thrombi were found in the atria, a suspicion of infarction was at once entertained and appropriate blocks were taken through such areas. Fig. 2 (on p. 25) shows the location of the infarcts in the atria. The great majority of them were in the right atrium (27 times) in contrast to the occasional involvement of the left atrium (5 times). Most of the infarcts occurred in the auricles while the region of the sinus node was affected in only two instances. Multiple infarcts were found in two hearts.
Although the atrial arteries were carefully inspected after fixation by ineans of closely placed transections, gross occlusion was demonstrated in only one case. No doubt obstruction would have been found more frequently, had the coronary arteries been injected.
On the other hand, the anterior descending and circumflex branches of the left coronary artery, as well as the main right coronary artery were often diseased and serious stenosis or occlusion was encountered in 23 of the 31 cases. Either recent or remote infarcts of the ventricular myocardium were present in 22 of the cases. These were all in the left ventricle and interventricular septum, and often were multiple. Two other cases showed acute diffuse myocarditis and one chronic myocarditis. This left 6 hearts (Cases 3, 16, 17, 21, 26, and 28) in which auricular infarcts were the only lesions other than hypertrophy. With the exception of Case 26 all the infarcts were recent. Electrocardiograms had been taken in 4 of the 6 patients (Cases 3, 16, 21 , and 26) and 2 had auricular fibrillation, 1 auricular flutter, and 1 low voltage of QRS. Case 3 died of heart failure; Case 16 suffered from malignant hypertension and died of uremia;
Case 17 had hypertension with cardiac decompensation, as well as acute pyelonephritis, and died of broncho-pneumonia; Cases 26 and 28 had hypertension and died of cardiac failure. It is, of course, unlikely that the auricular infarcts caused the death of these patients, but it is conceivable that they were a contributory factor.
The gross appearance of atrial infarcts was similar to that commonly seen in the ventricles (Fig. 3) . It is worthy of note that in 26 cases, mural thrombi were found tightly adherent to the endocardium over the infarcted area. Microscopically all stages of infarction were observed. The earliest changes consisted of hyperxmia and hemorrhage with swelling of the muscle fibres and necrosis and exudation of leucocytes, followed later by hlmosiderin pigmentation and scarring. Often the muscle bundles in adjacent areas were swollen with vacuolated cytoplasm and large pleomorphic and hyperchromatic nuclei. In most cases the infarcts were massive, but occasionally small multiple lesions, separated from each other by intact myocardium, were observed. Massive infarction was usually accompanied by mural thrombosis of the endocardium, and when organization had occurred it was difficult to distinguish between necrotic myocardium and the thrombus. In such cases the Weigert stain was helpful, for by demonstrating the elastic lamina of the endocardium, the line of demarcation between muscle and thrombus could be clearly seen. When the infarct was not accompanied by mural thrombosis, there was nearly always a narrow border of surviving myocardium immediately beneath the endocardium. Microscopic study revealed small thrombotic arteries in several instances.
DISTRIBUTION OF THE CORONARY ARTERIES OF THE ATRIA IN DOGS
AND IN MAN In this study of human atrial infarction the electrocardiographic changes described by Lambert and by Langendorf were not seen frequently. In view of this discrepancy, infarction of the atria of the heart was produced experimentally in dogs. Before describing the findings, it is necessary to review the distribution of the coronary arteries of the atria in dogs since it is different from that in man.
The atrial vessels of the dog's heart (Fig. 4) have a fairly constant distribution (Meek, Keenan, and Theisen, 1928-29 (Gross, 1921) . The first arises near its origin and comes behind the aorta, 5 mm. above the auriculo-aortic groove. It supplies the anterior wall of the right atrium and sends branches to the auricle. It then passes through the septum to reach the posterior wall, where it surrounds in ring fashion the superior vena cava. This branch may arise from the left coronary artery near its origin; it encircles the base of the left auricle, ascending the external surface of the left atrium to the region of the superior vena cava, where it terminates as an arborization about the superior vena cava or passes immediately after its origin along the anterior wall of the left atrium to within 5 mm. of the auriculo-aortic groove. On reaching the inter-atrial septum, it turns up and crosses on the superior aspect of the right atrium between the superior vena cava and the right auricle. The left coronary artery shows, in addition to the above branches, one or two smaller atrial branches, which distribute themselves over the anterior and superior surfaces of the left atrium. Occasionally, a left lateral atrial branch extends around the posterior surface of the atrium to reach the opening of the superior vena cava. The second branch of the right coronary artery is less constant and supplies the aortic face of the right auricle and the superior surface of the right atrium. There are a few small and inconstant atrial vessels from both sides.
EXPERIMENTAL INFARCTION OF THE ATRIA
All experiments were performed under aseptic conditions upon mediumsized dogs, anesthetized with ether which was administered by intermittent positive pressure insufflation. Pre-operative medication consisted of morphine sulphate, 0-01 g., given hypodermically one hour before the experiment.
The heart was exposed and supported in a cradle constructed by suturing the widely opened pericardium to the chest wall. Dissection of the right or the left circumflex coronary artery was begun at its origin and continued distally, each atrial branch being exposed, temporarily occluded several times, doubly ligated with fine silk, and finally cut.
Electrocardiograms were taken, employing the standard three leads and the chest lead IVR as follows: (1) a normal control before the start of the experiment; (2) one hour after the administration of morphine; (3) after ether anesthesia; (4) after opening the chest; (5) after opening the pericardium; (6) after construction of the pericardial cradle; (7) before and after each temporary occlusion of the individual atrial arteries; (8) before and after permanent ligation and section of each atrial artery; (9) at the conclusion of the experiment; and (10) daily thereafter. Chest leads were not taken after opening the thorax.
One or more atrial arteries were ligated in 18 dogs. Multiple operations at 12 to 21 day intervals on the same dog were performed and all right atrial branches were ligated in 11, all left atrial branches in 7, and the arteries of both atria in 4 instances.
In four dogs the effect of chemically produced necrosis of the atrial myocardium was studied. In one animal various portions of the right atrium were painted with liquid phenol, and in three dogs the actual cautery was applied successively to the right and left atrium.
After sacrifice the hearts were injected through the right and left coronary arteries with barium sulphate gelatin after the method of Louis Gross (1921), chilled, X-rayed, and placed in 10 per cent formalin. Gross and microscopic examination of the hearts was made following the usual routine.
Ligation of Right Atrial Arteries Dog 38-10. Artery s, ligated. Immediately afterwards P2 and P3 showed increased amplitude and returned to normal two hours later. There were no P-Q changes.
.28 group.bmj.com on June 20, 2017 -Published by http://heart.bmj.com/ Downloaded from Daily electrocardiograms for twenty-two days showed no abnormality. Twenty-three days later, arteries t and t1 were ligated. After operation P2 was slightly increased without P-Q changes, and one day later the record was entirely normal. Twenty-one days later the animal was sacrificed and an organizing infarct of the right auricle and the atrium, as far as the acute margin of the heart, was found. produced no further change. After closure, 1:1 flutter developed (rate 279). On the first day after operation the rate was 220 with premature auricular beats. On the second and third days the rate was 226 and 284 respectively. On the fourth and fifth days A-V block, nodal extrasystoles, slight P-Q depression, and prolonged P-R interval (0-17) were present. On the following three days auricular flutter was present (auricular rate, 374; ventricular rate, 192). On the tenth day the rhythm was normal and remained so. At autopsy there were organizing infarcts in the lateral walls and auricles of both atria.
Dog 39-276. At the first operation on September 27, 1939, artery s was ligated and the electrocardiogram remained normal. All remaining atrial arteries were then successively ligated without electrocardiographic change.
At the second operation on October 3, arteries a, b, and b, were ligated. No electrocardiographic change occurred either during the experiment or after the operation. Twenty days later the animal was sacrificed and all the left and right atrial arteries were found to have been ligated. There were organizing infarcts in the right and left auricles. Dog 39-267. The first operation was performed on September 25, 1939, and arteries t and u were ligated. The P-Q2 showed a depression of 1 mm., which continued for one day.
The second operation was performed on October 9 at which time arteries a, b, and b, were ligated. Only slight transient changes occurred in the contour of the P wave, and these did not persist after the operation. The third operation was performed on October 17 when arteries s and s1 were ligated. This was followed immediately by a low amplitude P wave which, however, returned to normal immediately after operation. On October 19 wandering pacemaker developed and disappeared within 24 hours, only to reappear on October 25.
Post-mortem organizing infarcts involving the lateral walls and auricles of both atria were found.
All the hearts were carefully examined for other evidence of disease, but none was found. No enlargement occurred. The main coronary arteries were widely patent and followed a normal distribution. No infarcts were found in either right or left ventricles or the interventricular septum and there was no myocarditis, endocarditis, or valvulitis. Numerous dense adhesions often containing foci of heterotopic bone were present in the atrio-ventricular sulcus at the operative site.
In all the experiments described so far, the main right and left coronary arteries were normal, which, of course, was very different from the human cases where the main coronary arteries were usually seriously diseased and showed marked stenosis. The human lesions were usually massive, were accompanied by mural thrombosis, and involved the endocardium. In the dogs, on the other hand, no mural thrombi were formed, the infarcts consisted of small multiple scars or foci of fresh necrosis separated by bands of healthy muscle, and there was always a narrow zone of healthy myocardium immediately beneath the endocardium. Because of these differences between the experiments in the dog and the spontaneous human lesions, ligation of the main right coronary artery close to its origin was carried out in three dogs. Dog 41-290. Shortly after ligation, S-T1 became depressed and this was followed by ventricular tachycardia. The rate was 422 per minute. This terminated in ventricular fibrillation and death, within a few minutes. The heart was not examined.
Dog 41-291. Three hours after operation, P3 became higher and notched, and upper nodal rhythm developed. There was, in addition, slight depression of R-T2and R-T3. Six days later upper nodal rhythm was noted. Thirteen days after operation regular sinus rhythm was present, and was noted again on the twenty-seventh day. On this later date the P-R interval was shortened (0 07 sec.).
The animal was sacrificed on the thirtieth day and organizing infarcts were found in the right auricle and almost the entire right ventricle. The epicardium over these areas was thick, opaque, and pale grey, and there were numerous dense fibrous adhesions to the pericardium. The auricle was filled with a dark-red mural thrombus which on section showed well-developed organization.
Dog 41-305. Twenty-four hours after operation, uppernodal rhythm was observed with transient left bundle branch block. On the tenth day after operation sinoauricular block was present and four days later the cardiac mechanism was normal.
The animal was sacrificed on the fifteenth day. There was recent infarction of the right auricle, which was dark reddish-purple and covered with friable, yellowish-grey granular exudate. A moderately firm dark-red thrombus filled the auricle and was tightly adherent to the endocardium. Microscopic examination showed a recent hxmorrhagic infarct with mural thrombosis. A large recent infarct of the right ventricle was also present.
The infarcts produced in the two dogs which survived were identical with the human lesion. The auricle was involved in both cases. There was massive necrosis of myocardium and endocardium and there were organizing mural thrombi (Fig. 3 ).
Heat and Chemical Necrosis of the Atria Heat cauterization of right and left atria. The inferior surface of the left auricle was cauterized and P1 became diphasic and inverted. The superior surface of the left auricle was next cauterized and P1 became isoelectric. After cauterizing the area below the left auricle and anterior to the pulmonary veins, P1 remained isoelectric. The entire left atrium was then cauterized and ventricular tachycardia resulted. The right atrium was cauterized with no further changes and the experiment was terminated by ventricular fibrillation.
The lateral aspect of the right auricle was cauterized without causing any electrocardiographic changes. After cauterizing the medial aspect of the right auricle, no cardiographic change was noted. Following cauterization of the entire right auricle, auricular extrasystoles occurred. The body of the right atrium was burned and slight P-Q depression resulted. At this point bleeding occurred from the necrotic wall, so that a clamp was placed across it, following which the electrocardiogram showed A-V nodal rhythm. After cauterization of the right atrium just above the vena cava the nodal rhythm persisted. The experiment was terminated by ventricular fibrillation and hemorrhage from the atrium.
Phenol cauterization of right atrium. Liquified phenol was applied to the entire surface of the right atrium. The heart rate was decreased from 178 to 130 per minute. The mechanism changed from normal to upper nodal rhythm. P2 and P3 became diphasic, and the P-R interval shortened from 0 09 to 0-06 sec. The dog died about one hour after conclusion of the experiment. DIsCUSSION A summary of the electrocardiographic changes following ligation of the atrial arteries and necrosis of the atria is found in Table II . No constant electrocardiographic patterns were noted, but the most frequent abnormalities were depression of P-Q, variations in the contour of P, wandering pacemaker and A-V nodal rhythm. As a control the electrocardiograms of 38 normal During the course of these experiments a case of naturally occurring infarction of the right auricle was observed in one of the animals in the dog colony of the Institute of Pathology (Fig. 3) . This colony has been in existence for twelve years and has included one thousand animals. Eight hundred and fifty autopsies have been performed, and Dr. Harry Goldblatt, who has carefully examined the hearts, says he has never seen another case of spontaneous infarction of the atrium. This dog was being used in the course of other experiments in which blood had been injected into the media of the femoral arteries and thrombophlebitis had developed. Although the right coronary artery was carefully examined no obstruction was found. The infarct resembled the human lesions because of the presence of a large mural thrombus over the area of necrosis, because of its situation, and because there were no zones of intact myocardium.
The preponderance of infarction in the right auricle of man, which has been noted in this series as well as in reported cases, may be explained by the fact that when thrombosis occurs in the right coronary artery it is usually in the first two or three centimeters, thereby occluding the atrial branches that usually supply the auricle and A-V node, although the left anterior atrial artery may also supply the latter area.
Curiously, while thrombosis of the left coronary artery and its branches occurred in 65 per cent of the cases in this series, the greatest incidence of atrial infarction was on the right side. This suggests that there may be other factors beside arterial thrombosis that will cause atrial infarction. Thus the nutrition of the atrial musculature, which may come in part through the Thebesian vessels or through the thin syncitium of the myocardium itself, may be interfered with by a large mural thrombus in the auricle. The high oxygen content of the arterial blood of the left atrium may prevent frequent infarction on this side.
We have been especially impressed with the fact that most of the cases of human atrial infarction reported in this paper have shown abnormalities of the auricular mechanism in the electrocardiograms. There have been auricular extrasystoles, auricular fibrillation, wandering pacemaker, nodal rhythm, and in five cases depression of the P-Q interval. SUMMARY Infarction of the cardiac auricles (atria) was found in 17 per cent of 182 cases of myocardial infarction that were proven at autopsy. Abnormalities in the auricular complex of the electrocardiogram were present in 74 per cent of the cases of atrial infarction, but in only 9 per cent of all cases of D infarction of the ventricles. Ligation of the atrial arteries in dogs produced abnormal auricular mechanism in only 6 out of 20 experiments. In 4 additional experiments there was a transient change in the contour of the P wave. Depression of the P-Q segment of the electrocardiogram was seen in 4 instances in which the atrial arteries were ligated. Abnormality in auricular mechanism is the most reliable clue to the clinical diagnosis of infarction of the atria.
